The cause of most hypertensive disease is unclear, but inflammation appears critical in disease progression. However, how elevated blood pressure initiates inflammation is unknown, as are the effects of high blood pressure on innate and adaptive immune responses. We now report that hypertensive mice have increased T cell responses to antigenic challenge and develop more severe T cell-mediated immunopathology. A root cause for this is hypertensioninduced erythrocyte adenosine 5′-triphosphate (ATP) release, leading to an increase in plasma ATP levels, which begins soon after the onset of hypertension and stimulates P2X7 receptors on antigen-presenting cells (APCs), increasing APC expression of CD86. Hydrolyzing ATP or blocking the P2X7 receptor eliminated hypertensioninduced T cell hyperactivation. In addition, pharmacologic or genetic blockade of P2X7 receptor activity suppressed the progression of hypertension. Consistent with the results in mice, we also found that untreated human hypertensive patients have significantly elevated plasma ATP levels compared with treated hypertensive patients or normotensive controls. Thus, a hypertension-induced increase in extracellular ATP triggers augmented APC and T cell function and contributes to the immune-mediated pathologic changes associated with hypertensive disease.
INTRODUCTION
Hypertension is the source of enormous morbidity and mortality throughout the world (1) . The World Health Organization estimates that the number of people with uncontrolled hypertension is nearly 1 billion and that this disease causes about 12% of all adult deaths (2) . Although hypertension has been studied for many years, the cause of disease in most patients is still not understood. Hypertension is accompanied by low-grade chronic inflammation (3, 4) . Recently, evidence suggests that inflammation not only is associated with hypertension but also may represent a major pathologic process driving development and progression of the disease. For example, immunedeficient RAG-1 knockout mice have a reduced blood pressure (BP) response to several models of hypertension (5) . In addition, transfer of dendritic cells (DCs) from hypertensive mice to normotensive recipients primed the recipients for CD8 + T cell proliferation and an exaggerated BP response to a mild hypertensive insult (6) . These studies, and many others, have suggested that hypertension has some features of an autoimmune disease in which both antigen-presenting cells (APCs) and T cells elicit a higher BP (7, 8) . What is not well understood is the cause of the hypertension-associated inflammatory response and the temporal relationship between the elevation of BP and the onset of inflammation. Further, very little is known about the precise effects of hypertension on immune responses, although clinical studies indicate a positive correlation between hypertension and autoimmune diseases (9) (10) (11) .
Different from pathogen-associated molecular patterns, damageassociated molecular patterns (DAMPs) are host biomolecules that can initiate and perpetuate a noninfectious inflammatory response. Many metabolites can act as DAMPs (12) , such as adenosine 5′-triphosphate (ATP), uric acid, and oxidized low-density lipoprotein (oxLDL). When tissue is damaged or under stress, DAMPs may be released or increasingly formed from cells, and the elevated extracellular DAMPs can mobilize and activate immune cells. When serving as a DAMP, ATP exerts its function by binding to and activating purinergic P2 receptors (13) . For example, APCs express P2X7 receptors and extracellular ATP has been shown to modulate their response in cancer and in chronic kidney disease (14, 15) . P2X7 is a nucleotide-gated ion channel. Activation of P2X7 by extracellular ATP allows for the passage of small cations, including Ca 2+ , Na + , and K + , across the plasma membrane, which gives rise to a variety of downstream cellular events, such as inflammasome activation, reactive oxygen species (ROS) formation, prostaglandin release, transcription activation [such as through nuclear factor B (NF-B) pathway], and phagocytosis (16) (17) (18) .
In this study, we investigated how hypertension affects the immune response and how the hypertension-associated inflammatory response is triggered. We demonstrate that an increase in plasma ATP is one of the earliest hallmarks of hypertension and is directly responsible for APC-mediated overactivity of T cells in response to immune challenges, thereby predisposing hypertensive mice to immune-mediated diseases. These exaggerated immune responses may also contribute to the progression of hypertension. normotensive mice and mice made hypertensive with angiotensin (Ang) II. After a 2-week infusion, when the systolic BP (SBP) was raised to a plateau between 140 and 150 mmHg ( fig. S1 ), mice were immunized subcutaneously with OVA emulsified in complete Freund's adjuvant (CFA). Seven days later, tetramers were used to measure the quantity of blood CD8 + T cells specific for the OVA epitope SIINFEKL. There were significantly more OVA-specific CD8 + T cells in both absolute number and percentage of total CD8 + T cells in hypertensive mice as compared with normotensive animals (Fig. 1A) . To exclude that the heightened immune response was adjuvant or route specific, we also immunized mice intraperitoneally with OVA in combination with lipopolysaccharide (LPS) or alum. For the OVA-alum group, splenocytes were restimulated after 7 days with SIINFEKL peptide and supernatant levels of interleukin-2 (IL-2) and interferon- (IFN-) were assessed. Again, a heightened immune response was observed in the hypertensive animals ( Fig. 1 , B and C). The OVA-specific CD4 + T cell response was also examined by restimulating splenocytes from the OVA-CFA and OVA-alum groups with the major histocompatibility complex (MHC) class II peptide OVA 323-339. Hypertensive mice had an elevated CD4 + T cell response in comparison with normotensive mice, as shown by more IL-2 expression upon restimulation (Fig. 1D) . In toto, these data indicate that Ang II-induced hypertension elicits increased T cell activation in response to immunization with OVA.
Hypertension predisposes mice to T cell-mediated immunopathology
To determine whether the enhanced T cell responses in hypertensive mice translate into increased tissue pathology, we first studied a model of autoimmune diabetes. Rat insulin promoter (RIP)-mOVA mice express OVA in insulin-producing pancreatic islet cells (19, 20) . Injected OT-I T cells that express transgenic T cell receptors (TCRs) specific for OVA 257-264 are eliminated in the periphery when a low number of such cells are given (20, 21) . We found that the adoptive transfer of a high number (5 × 10 6 ) of OT-I T cells into normotensive RIP-mOVA mice was insufficient to induce diabetes in the first week. After the second week, mice were on the threshold of diabetes with blood glucose levels that averaged 205 ± 21 mg/dl ( Fig. 2A) . When the same number of OT-I T cells was transferred into hypertensive RIP-mOVA mice continuously treated with Ang II ( fig. S2 ), 83% of hypertensive mice developed diabetes (blood glucose above 200 mg/dl) during the first week, and by the end of the second week, mice were severely diabetic identified by anti-CD3 staining, were counted in a blinded fashion (C). (D to F) ConA (5 mg/kg) was injected intravenously into normotensive and hypertensive mice. Blood ALT levels were measured after 6 hours. (D) Hepatic inflammatory cells were prepared by tissue enzymatic digestion followed by Percoll centrifugation. (E) Cells were cultured in medium for 6 hours in the presence of brefeldin A, and then intracellular staining was performed to examine the production of IFN- and TNF- by CD4 + T cells. Liver necrosis area was measured after hematoxylin and eosin staining. MFI, mean fluorescence intensity. (F) For each liver, necrosis area represents the average of 10 separate fields. In (A) to (C), n = 17, 6, and 12 for normotensive, Ang II-treated, and L-NAME-treated mice, respectively. Data are means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.005.
with an average blood glucose of 361 ± 40 mg/dl (hypertensive versus normotensive, P < 0.001). Nitric oxide synthase inhibitor N(G)-Nitro-Larginine methyl ester (L-NAME) can trigger hypertension ( fig. S1 ) by a mechanism different from Ang II. The pattern of an accelerated development of diabetes was repeated when hypertension was induced by L-NAME instead of Ang II (Fig. 2A) ; 2 weeks after OT-I transfer, the hypertensive mice averaged 325 ± 50 mg/dl blood glucose (P = 0.02 versus normotensive mice). The more aggressive diabetes in hypertensive mice was accompanied by increased accumulation/expansion of OT-I T cells in peripancreatic lymph nodes (Fig. 2B) . Last, immunohistochemistry documented significantly more CD3 + T cells within the pancreatic islets of hypertensive mice (Fig. 2C) .
Concanavalin A (ConA)-induced acute hepatitis is a well-studied mouse model of immune-mediated liver injury, and its pathogenesis is caused by activation of liver-resident T cells including natural killer T (NKT) cells (22) (23) (24) . The administration of ConA caused acute liver injury, which was followed by the rapid increase of plasma alanine transaminase (ALT) levels ( fig. S3A ). When mice from both hypertensive models and normotensive mice were compared, plasma ALT levels of hypertensive mice were more than twofold higher than those of normotensive mice at 6 hours after ConA (Fig. 2D ). Flow cytometric analysis at 6 hours after ConA showed that the CD4 + T cells in the livers of hypertensive mice produced significantly more of the proinflammatory cytokines TNF- (tumor necrosis factor-) and IFN- than their counterparts from normotensive mice ( Fig. 2E and fig. S3B ). This was accompanied by increased necrosis in hypertensive livers as disclosed by histologic analysis (Fig. 2F) . Thus, the data from two in vivo models indicate that hypertension predisposes mice to more intense T cell-mediated immunopathology.
APCs from hypertensive mice present antigen more effectively than normotensive cells To determine whether hypertension induces changes in the sensitivity of TCR-mediated signaling, we used OT-I mice in which CD8 + T cells express a transgenic TCR sensitive to the OVA epitope SIINFEKL. OT-I mice exhibit a normal hypertensive response to infused Ang II ( fig. S4A ). Two weeks after the start of Ang II infusion, splenocytes were prepared and coincubated with DCs from normotensive C57BL/6 mice previously pulsed with either SIINFEKL (N4), SIITFEKL (T4), SIIGFEKL (G4), or RTYTYEKL (RTY) (25) . When presented on MHC class I molecules, these peptides differ in their affinity for the OT-I TCR. Weak agonist peptides and lower doses induced less activation, but the CD8 + T cells derived from hypertensive OT-I mice behaved identically to their counterparts from normotensive OT-I mice, as assessed by both CD69 expression and IFN- production ( fig. S4B ). This indicates that the heightened immune response observed in hypertensive mice was probably not due to changes in the sensitivity of TCR signaling.
To investigate whether APCs are responsible for the enhanced T cell responses in hypertensive animals, we collected splenic DCs and peritoneal macrophages from both normotensive and Ang IIinduced hypertensive C57BL/6 mice. Cells were pulsed with OVA, and their ability to activate OT-I T cells was compared. DCs and macrophages from hypertensive mice were both superior to their counterparts from normotensive mice in stimulating OT-I T cells, as indicated by increased T cell expression of CD69 and production of IFN- (Fig. 3A) . This was not due to a higher efficiency of antigen processing because the hypertensive APCs were still superior to normotensive APCs when both populations were loaded with SIINFEKL peptide (Fig. 3B) . In contrast, without antigen feeding, normotensive and hypertensive APCs were equivalent in their effect on OT-I T cells, excluding the possibility of an antigen-independent mechanism. To understand whether this change is Ang II specific, we assessed antigen presentation by splenic DCs from mice made hypertensive with L-NAME (Fig. 3C) . Again, the APCs from the L-NAME-induced hypertensive mice were more efficient in presenting and activating T cells ex vivo, suggesting that this change can be induced in multiple mouse models of experimental hypertension.
To study whether the enhanced immune responses in hypertensive mice can be transferred by APCs, we collected splenic DCs and fed them with SIINFEKL in vitro. The antigen-loaded APCs were then transferred intravenously into naïve (normotensive) C57BL/6 recipients. Eight days after transfer, the SIINFEKL-specific T cell responses of the recipients were compared by restimulating splenocytes and measuring levels of IL-2 and IFN- (Fig. 3D) . The transfer of hypertensive DCs increased the activation of T cells significantly more than equivalent cells from normotensive mice. These data demonstrate that, in mice, hypertension is accompanied by an enhanced ability of APCs to present antigens to T cells. S5A ). We also injected normotensive and hypertensive C57BL/6 mice intravenously with SIINFEKL and, 12 hours later, measured the surface abundance of the SIINFEKL-H-2K b complex on splenic DCs using the antibody 25-D1.16 ( fig. S5B) (26) . There was no difference between cells from hypertensive and normotensive mice.
Costimulatory factors on APCs are critical in facilitating T cell activation. We noticed that both splenic DCs and peritoneal macrophages derived from hypertensive mice had higher expression of CD86 but not CD80 as compared with their counterparts from normotensive mice (Fig. 4A ). Increased CD86 expression was also observed on Kupffer cells of the liver in hypertensive mice (Fig. 4A) . The increase is not due to the pharmacological effects of Ang II on APCs because in vitro stimulation of naïve APCs with Ang II did not increase CD86 expression (Fig. 4B) . To determine whether BP affects CD86 expression by APCs, we normalized BP during Ang II infusion by cotreating the mice with hydralazine, a BP-reducing medicine. Lowering BP to normal levels completely abrogated the up-regulation of CD86 on APCs (Fig. 4C) .
CD40 is another APC maturation marker that functions as a receptor for CD40L-induced DC activation. Indoleamine-pyrrole 2,3-dioxygenase (IDO) has also been implicated in immune modulation through its ability to limit T cell function and engage mechanisms of immune tolerance (27) . There was no difference in CD40 expression between hypertensive DCs and normotensive cells ( fig. S5C ). Although hypertensive DCs did average less expression of IDO, the difference between these cells and normotensive DCs was not significant (P = 0.13). Proinflammatory cytokines secreted by APCs are important in educating naïve T cells and eliciting differentiation. However, there were minor differences in expression of TNF-, pro-IL-1/IL-1, IL-6, or IL-12/p40 between hypertensive and normotensive APCs at baseline and after LPS stimulation ( fig. S6 ). Together, our studies of T cells and APCs indicate that the up-regulation of CD86 on APCs is the most distinguishable difference in the immune systems between hypertensive and normotensive animals.
We wondered whether the elevation of CD86 in hypertensive DCs was important for the observed increase in T cell activation. To study this, we purified DCs from the spleens of hypertensive and normotensive mice and then pretreated them with either anti-CD86 antibody, anti-CD80 antibody, or a combination of both antibodies. DCs were then loaded with SIINFEKL and tested for their ability to activate OT-I cells. We found that anti-CD86, but not anti-CD80, completely eliminated the enhanced ability of hypertensive DCs to activate T cells. Specifically, OT-I T cells incubated with either anti-CD86-treated normotensive or anti-CD86-treated hypertensive DCs showed equivalent expression of CD69 and IFN- (Fig. 5A ). In contrast, hypertensive DCs treated with anti-CD80 still showed enhanced activation of T cells as compared with equivalently treated DCs from normotensive mice. The treatment of DCs with both anti-CD86 and anti-CD80 antibodies did not reduce T cell activation more than the use of anti-CD86 alone.
To evaluate the role of CD86 in vivo, we administered hypertensive and normotensive mice either anti-CD86 or an isotype control antibody (day 0). Additional antibody was given every 3 days. On day 3, mice were immunized with OVA-CFA, and they were euthanized on day 11. Both the numbers of OVA-specific CD8 + T cells in blood and the IL-2 production by splenocytes were greatly reduced in CD86-blocked hypertensive mice so that they were indistinguishable from those of CD86-blocked normotensive mice (Fig. 5 , B and C). When hypertensive mice were treated with the CD86-blocking antibody before challenge with ConA, both plasma ALT levels and the overactivation of hepatic CD4 + T cells could be normalized ( hypertensive mice were loaded with SIINFEKL for 4 hours ex vivo. Cells were then transferred intravenously into naïve C57BL/6 mice. Seven days later, splenocytes from the recipients were restimulated with SIINFEKL and the secretion of IL-2 and IFN- was measured. Data are means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.005.
an important role of CD86 in the heightened immune response present in hypertension.
Elevation of plasma ATP is an early event in hypertension development and is responsible for CD86 up-regulation in APCs
If we model hypertension as a sterile inflammatory disease, then an obvious question is what initiates the inflammatory process. We posit that disrupted hemodynamics caused by continuous high BP may lead to the release or formation of DAMPs from otherwise normal tissues. To examine this hypothesis, we evaluated the plasma levels of uric acid, oxLDL, HMGB-1 (high-mobility group box 1 protein), and ATP, a collection of DAMPs involved in a variety of cardiovascular diseases (28) (29) (30) (31) . Mice were made hypertensive by injection of either Ang II or L-NAME for 6 days, and blood plasma was collected for analysis. At this early stage of hypertension, all the examined DAMPs except ATP were decreased in hypertensive mice as compared with normotensive mice. In contrast, ATP was significantly elevated in both hypertensive models (Fig. 6A ). To investigate ATP in more detail, we then measured plasma ATP levels during the course of disease (Fig. 6B ). The ATP concentration began to rise as early as 3 days after the induction of hypertension, with a significant rise by day 5 (L-NAME) or day 6 (Ang II) with a peak level of 3 M after 2 weeks of disease. This is due to the direct effects of BP because a cohort of mice cotreated for 2 weeks with Ang II and hydralazine maintained normal BPs and normal plasma levels of ATP (Fig. 6B ). Hypertension also up-regulated CD86 expression by splenic DCs. This began as early as 4 days after initiation of hypertension and was significant at 7 and 14 days (Fig. 6C) . The kinetics of CD86 expression exactly parallel the rise of plasma ATP levels. To investigate the relationship of ATP and CD86 expression, we stimulated naïve DCs in vitro with various concentrations of ATP. The plasma concentration of normotensive mice is about 1 M. In vitro, this concentration had no effect on DC CD86 expression (Fig. 6D) . In contrast, as little as 3 M ATP increased DC CD86 expression. ATP levels did up-regulate CD80 but in a relatively inefficient manner, with a significant effect only at 100 M ( fig. S7A) . In hypertensive mice, we did not detect an increase of CD86 on blood monocytes even after 2 weeks of Ang II administration. This may be due to a difference in sensitivity of monocytes and DCs to (B) DCs and macrophages from naïve mice were stimulated in vitro with or without 10 M Ang II overnight, and surface CD86 expression was measured. (C) Mice were either sham-treated or treated with Ang II and hydralazine (Hyd) for 14 days. Surface CD86 expression was measured in splenic DCs and peritoneal macrophages. Data are means ± SEM. **P < 0.01; ***P < 0.005.
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ATP because the up-regulation of CD86 by monocytes was observed at 30 M but not at 3 M ATP ( fig. S7B ). Considering that myeloid cells express several different ATP P2 receptors (32-34), we next investigated which receptor mediates the effect of ATP.
Naïve DCs derived from spleen were stimulated in vitro with 3 M ATP in the presence of the inhibitors A740003 (P2X7), Brilliant Blue G (BBG) (P2X7), suramin (pan-P2Y), AR-C 118925XX (P2Y2), or BPTU (P2Y1). The P2X7 blockers completely abrogated CD86 Some of the cells were pulsed with SIINFEKL peptide. Some cells were also treated with an anti-CD80 antibody or an anti-CD86 antibody or both. They were then coincubated with OT-I T cells, and the expression of T cell CD69 and IFN- was measured. (B and C) Mice were regularly treated with an anti-CD86 antibody or an isotype control antibody from 3 days before being immunized with OVA until sacrifice. Seven days after immunization, the numbers of OVA-specific CD8 + T cells in the blood (B) and splenocyte IL-2 production after SIINFEKL restimulation were measured (C). (D and E) Acute hepatitis was induced by intravenous injection of ConA (5 mg/kg) into normotensive and hypertensive mice. Some hypertensive mice were injected intraperitoneally with either CD86 blocking antibody (-CD86) or an isotype control antibody (IgG) every other day for three times before ConA administration. (D) Blood ALT levels were measured 6 hours after ConA injection. (E) Leukocytes in the liver were isolated with Percoll gradients. Cells were cultured in medium for 6 hours in the presence of brefeldin A, and then intracellular staining was performed to examine the production of IFN- and TNF- by CD4 + T cells. Data are means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.005. NS, not significant.
up-regulation, whereas other blockers showed no effect (Fig. 6E) . To substantiate that the P2X7 receptor is critical, we made use of DCs derived from mice in which the P2rx7 gene was deleted. ATP (3 M) had no effect on CD86 expression in P2X7-deficient DCs (Fig. 6F) . In addition, CD86 overexpression was not observed on either DCs or macrophages derived from hypertensive P2X7 knockout mice (Fig. 6G) .
Activation of the P2X7 receptor on APCs by 3 M ATP
The P2X7 receptor is a nucleotidegated ion channel. Activation by extracellular ATP allows for the passage of small cations, including Ca
2+
, across the plasma membrane (34) . It is generally thought that the P2X7 receptor has low affinity for ATP and requires more than 100 M ATP for activation (35, 36) . However, these studies were mostly performed in P2X7-transfected kidney human embryonic kidney (HEK)-293 cells or in astrocytoma 1321N1 cells and may not reflect the biological activity of P2X7 in APCs. When APCs were preincubated with the calcium indicator Fluo-4 AM and then treated with 3 M ATP, this triggered an acute Ca 2+ influx that, although less than the response to 500 M ATP, could still be readily detected by both flow cytometry and confocal microscopy ( Fig. 7A and fig. S8 ). T cells also express P2X7 (34, 37) . When the same stimuli were applied to splenic T cells, 500 M ATP induced a similar Ca 2+ influx as that in APCs. However, 3 M ATP did not trigger Ca 2+ influx in T cells (Fig. 7A) . The specificity of P2X7 in mediating these effects was verified by testing P2X7-deficient cells, which exhibited no Ca 2+ influx when stimulated with either dose of ATP (Fig. 7A) . These data suggest that P2X7 activity is cell specific and that this receptor in APCs is sensitive to 3 M ATP.
To understand the effect of Ca chelator, or chlorpromazine, a calmodulin inhibitor (Fig. 7B) . CD86 up-regulation was completely inhibited by either BAPTA or chlorpromazine, suggesting that P2X7-gated Ca 2+ influx mediates CD86 expression. The downstream effects of P2X7 activation are multifaceted, including inflammasome activation, production of ROS, and release of prostaglandin E 2 (PGE 2 ) (34). ATP (3 M) stimulation did induce a mild but significant release of IL-1 by APCs (Fig. 7C) , but it did not trigger the production of ROS or PGE 2 ( fig. S9 ). We did not detect elevated IL-1 in the plasma of hypertensive mice probably due to the far lower concentration of ATP compared with the millimolar range upon tissue damage; we note that 500 M ATP caused a threefold higher IL-1 secretion than 3 M ATP (Fig. 7C ). An important feature of the P2X7 receptor is that, in addition to the usual rapid opening of the cation-selective ion channel, it becomes permeable to larger molecules with prolonged exposure to ATP, often leading to cell death (34) . Our results show that, unlike 500 M ATP, 3 M ATP did not induce YO-PRO-1 entrance into DCs or cell death ( fig. S10) . Thus, the effects of 3 M ATP on DCs are dose specific.
Next, we asked why the P2X7 receptors on DCs but not those on T cells or HEK-293 cells respond to low concentration of ATP. Lysophosphatidylcholine (LPC) has been reported to increase agonist potency at the P2X7 receptor possibly due to changes in membrane properties (38, 39) . Among the various forms of LPC, the greatest effects on P2X7 were observed with C16:0 and C18:0 (39). We studied C16:0 and C18:0 in DCs, T cells, and HEK-293 cells by mass spectrometry and found that DCs have the highest levels of both LPCs (C16:0: 3.2-and 6.3-fold of those in T cells and in HEK-293 cells, respectively; C18:0: 3.7-and 6.3-fold of those in T cells and in HEK-293 cells, respectively) (Fig. 7D ). These differences may reflect the requirements of professional phagocytes. We also measured LPC in the plasma of hypertensive mice. There were consistently higher concentrations of C16:0 and C18:0 in both Ang II and L-NAME hypertensive mice than in normotensive mice (Fig. 7E) . It is reported that supplementation of 80 to 100 M LPC can enhance P2X7 activity (38, 39) . The sum of the concentrations of C16:0 and C18:0 is about 200 to 250 M in hypertensive mice. Thus, besides a high content of LPC in the membrane of DCs, high concentrations of free LPC may give an additional boost to the activation of P2X7 in hypertension.
Increased plasma ATP initiates the heightened immune responses associated with hypertension
To further examine the role of ATP, we purified splenic DCs from hypertensive mice and treated them with either apyrase (an ATP diphosphohydrolase), A740003, or vehicle ex vivo. Both apyrase and A740003 reduced CD86 expression to normotensive levels (Fig. 7F) . Similarly, when mice were treated with either apyrase or A740003, the difference in CD86 levels on DCs and macrophages between normotensive and hypertensive mice was abrogated ( fig. S11) . In hypertensive mice, apyrase or A740003 also reverted the level of OVA-specific CD8 + T cells after OVA immunization to that of normotensive mice (Fig. 7G) . When DCs derived from P2X7-deficient mice were loaded with SIINFEKL ex vivo and then infused into naïve C57BL/6 mice, the P2X7-deficient hypertensive DCs did not induce an enhanced T cell response ( fig. S12 ). This contrasts with the observation that recipients infused with hypertensive DCs having P2X7 showed an enhanced immune response (Fig. 3D) . Thus, P2X7 appears central to the increased ability of hypertensive DCs to initiate T cell immunity. Blocking the P2X7 receptor also significantly alleviated the severity of hepatitis induced by ConA in hypertensive mice (Fig. 7, H and I ). Treating mice with A740003 did not alter the BP increase in the first week of induced hypertension, but, compared with vehicle, it reduced the BP in the second week when the elevated ATP-P2X7-CD86 axis would be expected to be active ( fig.  S13 ). This was also true when P2X7-deficient mice were examined for the development of hypertension (Fig. 8A) , implying that the intensified immune responses associated with the ATP-P2X7-CD86 axis play an important role in the pathobiology of hypertension.
To determine the source of elevated ATP in hypertension, we measured ATP release from aorta, renal artery, and total blood cells based on the hypothesis that the disrupted hemodynamics associated with hypertension directly affects blood flow and blood vessels. None of the blood vessels from the normotensive mice released ATP (Fig. 8B) . However, both aorta and renal arteries in three of five hypertensive mice released ATP. There was also a significant elevation of ATP levels in the blood cells of hypertensive mice compared with normotensive animals (Fig. 8B) . We further examined ATP release from erythrocytes and white blood cells, respectively, and found that the erythrocytes are the major source of plasma ATP in hypertension (Fig. 8B) . We conclude that in hypertension, both erythrocytes and blood vessels are prone to release ATP, which potentially functions as an "alarmin."
Plasma ATP correlates with BP in humans
To determine the relevance of plasma ATP in human hypertension, we analyzed plasma ATP levels of hypertensive patients (n = 44) and normotensive controls (n = 30). Subject enrollment criteria are described in Materials and Methods. Demographics and clinical characteristics of the studied groups are shown in table S1. ATP levels were significantly higher in hypertensive patients compared with controls (median ATP, 1.42 M versus 0.51 M; P < 0.0001) (Fig. 8C) .
In a second analysis, the same 44 hypertensive patients were assigned into either a hypertensive group (HTN, n = 27) with BP not well controlled or a controlled group (C-HTN, n = 17) with BP within normal levels due to treatment with anti-hypertensive medications. Demographics and clinical characteristics of these groups are shown in table S2. These two groups were individually compared against normotensive controls. As expected, both SBP and DBP (diastolic BP) are highest in the patients of the HTN group. In contrast, there was no difference in BP between the normotensive (NTN) and C-HTN groups. The ATP levels were significantly higher in the HTN group than in the NTN group [median ATP, 2.21 M versus 0.51 M; P < 0.001, Wilcoxon test and least significant difference (LSD) test adjusted] (Fig. 8D) . ATP levels were significantly reduced in the C-HTN group (median ATP, 0.83 M in C-HTN versus 2.21 M in HTN; P < 0.001, Wilcoxon test and LSD test adjusted).
As shown in Fig. 8E , a linear trend was observed between ATP levels and SBP or DBP among all subjects. The results of multivariate regressions between ATP and SBP or DBP are summarized in tables S3 and S4. ATP was positively correlated with SBP ( = 5.62, P = 0.0021) and DBP ( = 3.80, P = 0.0004), respectively. Thus, consistent with animal models, plasma ATP elevation in humans appears to be a biomarker for hypertension.
DISCUSSION
Hypertension is both extremely common and highly deleterious to human health. Hence, the control of hypertension has been identified as exceedingly advantageous and cost-effective (40) . Although it is recognized that, in both animals and humans, excessive inflammation can raise BP, mechanistically there is much less known about how high BP affects inflammation and the generalized immune response. This question is important because an initial rise in BP may initiate a destructive cycle whereby inflammation and a further increase of BP cause clinically detectable disease.
Our initial experiments explored the impact of hypertension on the immune system. These studies showed that high BP was associated with an elevated antigen-specific T cell response. This was true for both CD8 + and CD4 + T cells. This conclusion was supported by experiments testing the effects of hypertension in two separate models of T cell-mediated immunopathology. Both diabetes in RIP-mOVA mice and acute hepatitis induced by ConA were significantly worsened by hypertension as compared with the pathology observed in normotensive mice. Thus, in three separate mouse models of immune challenge, there was a consistent pattern of an increased T cell-mediated immune response associated with an elevation of BP, which is due to aberrant immune activation in hypertensive mice. Although many clinical studies indicate that hypertension is one of the most common comorbidities of many autoimmune diseases (41, 42) , our animal studies provide evidence and mechanistic insight into why there is an association between hypertension and high prevalence of autoimmune disease, even in humans (9) (10) (11) .
Our studies led to the realization that more effective APC presentation of antigen, but not differences in intrinsic T cell signaling, appears to be a major instigator of the increased T cell response in hypertension. Further examination of APCs revealed that hypertension induces increased CD86 expression, which is consistent with the report of Vinh et al. (43) that the percentage of CD86 + DCs is elevated in Ang II-treated mice. Our data highlight that ATP-driven P2X7-mediated CD86 up-regulation is the hallmark of hypertensionassociated inflammation and is central to the heightened immune response observed after further immune challenge. In this setting, it is very possible that some autoantigens will be efficiently presented by APCs to T cells, eventually leading to antigen-specific T cell-mediated pathology. T cells have been shown to play a major role in furthering hypertension development and progression (5, 8) . Our data demonstrate that in both P2X7-deficient mice and wild-type mice treated with a P2X7 blocker, BP rises in a pattern similar to that of control mice in the first week but that the BP rise significantly slowed in the second week after hypertension induction, indicating that activation of the ATP-P2X7-CD86 axis follows an initial BP increase and eventually leads to T cell activation.
This study also revealed some of the earliest biochemical events that provoke high BP-associated immune activation. We examined plasma concentrations of a plethora of DAMPs during the early stage of hypertension and found that only the ATP level was significantly elevated. Our data indicate that a short elevation of BP might alter red blood cells, resulting in the release of ATP that, acting as a DAMP, initiates activation of APCs. It is known that shear stress can induce ATP release from erythrocytes (44) . However, it is still unclear whether ATP is passively released due to erythrocyte damage or ATP is actively pumped out by erythrocytes in hypertension. The lack of clinical evidence of anemia in hypertensive patients supports the latter. Future studies should address the mechanism of ATP release. Interference with ATP release could be an attractive potential means to treat hypertensive patients.
Pharmacological and genetic evidence shows that up-regulation of CD86 is mediated by P2X7 receptors on APCs. However, hypertension is initially accompanied by an ATP increase only at micromolar levels, which challenges the paradigm that P2X7 is a low-affinity receptor of ATP (34) . Many of the studies on P2X7 affinity were performed on cell lines (35) , whereas primary APCs have not been studied. Here, we found that 3 M ATP did induce Ca 2+ inflow, CD86 up-regulation, and inflammasome activation as indicated by IL-1 release, all of which were mediated by P2X7 receptors on APCs. Consistent with our findings, Wilhelm et al. (45) observed that a low concentration of ATP (10 M in their case) could up-regulate CD86 in DCs. LPC may act as a cofactor in sensitizing the P2X7 receptor to ATP (38, 39) . Our data show that DCs contain more LPC than T cells and HEK-293 cells, suggesting that cellular differences in P2X7 activity may result from different levels of LPC inside cells. P2X7 is mainly expressed in inflammatory cells. Most previous studies of P2X7-mediated effects on APCs usually evaluated high concentrations of ATP as the stimulus (46) . This dose results in the formation of large membrane pores and eventually cell death. The activation of APC P2X7 by low-dose (micromolar) ATP is different, and its biological effects, particularly on APC-mediated antigen presentation, require reevaluation of the current P2X7 paradigm.
Last, different from the immediate reaction to ATP by endothelial cells resulting in vasodilation (47, 48) , a long-term ATP increase appears to instigate the immune system and promote inflammation. Our human study shows that hypertensive patients present with significantly elevated plasma levels of ATP compared with normotensives. The positive correlation between both SBP and DBP with plasma ATP levels suggests that ATP can serve as a surrogate marker for the degree of high BP. Moreover, our animal studies also found elevation of LPC in the plasma of hypertensive mice. Thus, further clinical cohort studies are required to evaluate whether ATP alone, or together with LPC, can also serve as a predictor for the degree of organ damage associated with hypertension.
MATERIALS AND METHODS

Study design
The aims of this study were to characterize the changes in APCs after hypertension, identify the molecular trigger of the changes, and evaluate the consequences of these changes for immunopathogenesis. Age-and gender-matched C57BL/6, RIP-mOVA, and P2X7 purinergic receptordeficient mice were used for this study. We performed flow cytometric experiments to analyze the activation markers of APCs in two mechanistically different mouse hypertension models. Pharmacological and genetic approaches were used to assess the roles of the P2X7 receptor. T cell-mediated diabetes and hepatitis models along with antigen immunization were used to assess the effects of hypertension in mice on in vivo T cell responses. In addition, we measured the plasma levels of ATP in hypertensive patients and normotensive controls.
Mice and hypertension models C57BL/6 mice were purchased from the Jackson Laboratory and Shanghai Research Center for Model Organisms. OT-I mice [C57BL/6-Tg(TcraTcrb)1100Mjb/J] and RIP-mOVA mice [C57BL/ 6-Tg(Ins2-TFRC/OVA)296Wehi/WehiJ] were purchased from the Jackson Laboratory. P2X7-deficient mice (B6.129P2-P2rx7 tm1Gab /J) were originally obtained from the Jackson Laboratory. Because there are significant gender and age differences in hypertension development, all mice used in this study were 8-to 12-week-old males. Hypertension was induced by subcutaneous infusion of Ang II (490 ng/kg per min) (Phoenix Pharmaceuticals) via osmotic minipump (ALZET) or by L-NAME treatment (1.5 mg/ml in drinking water) (Bachem). BP was monitored in conscious mice with a radio telemetry device (model PA-C10, Data Sciences International). Mice were anesthetized with isoflurane, and a catheter connected to a radio telemetry device was inserted in the left carotid artery. After a 14-day recovery phase, baseline levels were established before hypertension induction.
Data were collected, stored, and analyzed using Dataquest A.R.T. 4.0 software (Data Sciences International). In some experiments, hydralazine (320 mg/liter; Sigma-Aldrich) was administered in the drinking water to normalize BP. Mice were anesthetized by inhalation of 2 to 3% isoflurane/O 2 mixture. All animal experiments were approved by the Institutional Animal Care and Use Committee at Zhejiang University and by the Institutional Animal Care and Use Committee at Cedars-Sinai Medical Center.
Antibodies and reagents
The following fluorophore-conjugated antibodies were purchased from BioLegend or Thermo Fisher Scientific: anti-CD3 (145-2C11), anti-CD4 (GK1. 
Splenic DC and CD8
+ T cell isolation Spleens were minced with scissors and digested with collagenase IV (Worthington) and deoxyribonuclease I (Sigma-Aldrich) for 30 min at 37°C. Cells were passed through a 70-m strainer (BD Biosciences) and then selected for either CD11c + DCs with a CD11c positive selection magnetic kit (Miltenyi Biotec) or CD8 + T cells with a negative selection magnetic kit (Miltenyi Biotec).
Immunization and immune response assays OVA (100 g) was dissolved in phosphate-buffered saline (PBS; 50 l) and emulsified with an equal volume of CFA (0.05% Mycobacterium tuberculosis; MP Biomedicals), and a total volume of 100 l was injected subcutaneously into the dorsal flank of a mouse. In another group, a 100-g OVA/PBS solution was mixed with 2 g of LPS for 1 hour and injected intraperitoneally to mice. After 7 days, blood (CFA immunized) and spleen (LPS immunized) cells were harvested and stained with an H-2K b -SIINFEKL tetramer in combination with anti-CD3 and anti-CD8 staining. For the experiments using alum as adjuvant, mice were immunized intraperitoneally with a mixture of 100 g of OVA and 50 l (2 mg) of Imject Alum (Pierce Biochemicals). Seven days after the immunization, splenocytes were collected and restimulated with SIINFEKL (40 g/ml) or OVA 323-339 (10 g/ml). After 24 hours (IL-2) or 72 hours (IFN-) , the cytokines were measured in the supernatants using ELISA kits (BioLegend). For in vivo CD86 blockade, anti-CD86 antibody was purified from the culture supernatant of GL-1 hybridomas (American Type Culture Collection) with the Nab Protein G Spin Kit (Thermo Scientific). The control isotype immunoglobulin G (IgG) was purchased from Abcam. Anti-CD86/IgG (100 g), apyrase (0.2 U/g weight), or A740003 (50 nM) was administered intraperitoneally 3 days before OVA-CFA immunization and every 3 days afterward.
In vitro antigen presentation Splenic DCs (1 × 10 5 ) or peritoneal macrophages were fed with either no antigen,1 M OVA (Invivogen), or 50 pM SIINFEKL in Iscove's modified DMEM (Dulbecco's modified Eagle's medium) supplemented with 10% fetal bovine serum (FBS). After 3 hours, cells were washed and 1 × 10 6 splenocytes from OT-I mice were coincubated. Brefeldin A (BioLegend) was included in some of the cultures. OT-I T cell activation was detected by surface staining with anti-CD69 after 4 hours or by intracellular IFN- staining after 6 hours in the presence of brefeldin A. In some experiments, APCs were pretreated with anti-CD86 (1 g/ml; GL1, BioLegend) and/or anti-CD80 (1 g/ml; 16-10A1, BioLegend) before coincubation with T cells.
DC adoptive transfer
Splenic DCs (1.5 × 10 6 ) were purified from normotensive or Ang II-induced hypertensive C57BL/6 or P2X7-deficient mice. DCs were cultured with 1 nM SIINFEKL for 3 hours and then washed and adoptively transferred to normotensive C57BL/6 mice by intravenous injection. After 8 days, splenocytes were collected from the recipients and restimulated with SIINFEKL. The supernatants were collected for IFN- and IL-2 ELISA.
Autoimmune type 1 diabetes model
Two to 3 weeks after hypertension induction by either Ang II or L-NAME, hypertensive RIP-mOVA mice, together with their normotensive counterparts, were injected intravenously with 5 × 10 6 CD8 + T cells isolated from OT-I mice. Blood from the tail vain was read on a Contour blood glucose monitoring system (Bayer HealthCare). Two weeks after injection, mice were euthanized. Cells from blood, spleen, and pancreatic draining lymph nodes were assessed with H-2K b -SIINFEKL tetramers. Formalin-fixed pancreatic sections were stained with an anti-CD3 antibody (BioLegend). Islets infiltrated with ≥10 CD3 + T cells were defined as "inflamed."
ConA-induced acute hepatitis model
Normotensive and Ang II-induced hypertensive mice were intravenously injected with ConA (5 mg/kg). Blood plasma ALT levels were monitored by colorimetric ALT enzyme assay (Nanjing Jiancheng Bioengineering Institute, China). Twelve hours later, inflammatory cells were purified from the livers as previously described (49) and cultured in the presence of brefeldin A for 6 hours. Then, cells were examined for TNF- and IFN- production by intracellular staining and flow cytometry in combination with surface anti-CD3 and anti-CD4 staining. ) by surface staining and flow cytometry. In some experiments, splenic DCs were stimulated with 3 M ATP in the presence of the P2X7 receptor antagonist A740003 (25 M), BBG (1 M), the P2Y receptor antagonist suramin (15 M), the P2Y1 receptor antagonist BPTU (1 M), the P2Y12 receptor antagonist AR-C 118925XX (10 M), the calcium chelator BAPTA (20 M), or the calmodulin inhibitor chlorpromazine (1 M). Surface CD86 expression was measured after 18 hours by flow cytometry.
In vitro ATP stimulation and P2X7 receptor inhibition
ATP assays
Whole blood from normotensive and hypertensive mice was collected at different time points. Plasma was prepared by spinning the whole blood at 1500g for 15 min and collecting the supernatant. ATP levels were determined with an ATP assay bioluminescence detection kit (Beyotime). For testing tissue ATP release, aorta and renal artery were removed from PBS-perfused mice and cultured in 30 l of RPMI 1640 for 3 hours. To measure ATP production by blood cells, 50 l of whole blood was centrifuged at 300g for 5 min to remove plasma. Blood cells were resuspended in 50 l of RPMI 1640 and transferred into a fresh well for a 3-hour incubation. After 3 hours, the culture plates containing blood cells or tissue were centrifuged at 300g for 5 min and supernatants were then collected for ATP measurement.
Liquid chromatography-tandem mass spectrometry analysis Ninety-microliter plasma samples were mixed with 10 l of internal standard working solution (2 g/ml), 5 l of 10 mM acetic acid, and 200 l of acetonitrile for 1 min. Two million cells were dissolved in 100 l of acetonitrile and then subjected to ultrasonic processing. Samples were then centrifuged at 13,000 rpm at 4°C for 10 min. The supernatant was processed by vacuum drying and reconstituted in 200 l of mobile phase consisting of (A) ammonium formate buffer (pH 3.5; 10 mM) and (B) acetonitrile (90% B). Ten microliters of solution was used each time for liquid chromatography-mass spectrometry (LC-MS) analysis. Quantitative analysis was performed with an Agilent 1260 high-performance liquid chromatographic system (Agilent Technologies, USA) coupled to an API4000 mass spectrometer (AB Sciex, USA) operated in negative electrospray ionization through multiple reaction monitoring (MRM) mode. Data were analyzed with Analyst 1.5.2 software Hotfixes (AB SCIEX, Ontario, Canada). Chromatographic separations were achieved with Poroshell 120 SB-C 18 (2.1 × 100 mm, 2.7 m; Agilent, USA) at 30°C. The mobile phase was pumped with a gradient elution program that consists of (A) ammonium format buffer (pH 3.5; 10 mM) and (B) acetonitrile and was delivered at a flow rate of 0. 
Human plasma ATP analysis
Zhejiang Hospital and the Fourth Affiliated Hospital of Zhejiang University reviewed and approved the human studies. All the participants signed a written informed consent form before being enrolled in the study. Patients with a history of hypertension between 40 and 70 years of age and normotensive controls were recruited. Their BP was measured on two consecutive days. Patients were assigned to the HTN group when either average SBP was ≥140 mmHg or average DBP was ≥90 mmHg. Hypertensive patients (by history) who were taking anti-hypertensive medications and had both average SBP below 140 mmHg and average DBP below 90 mmHg were assigned to the C-HTN group. The NTN group is normotensive controls with normal measured BP and no previous history of hypertension. Patients with histories of autoimmune diseases, lung diseases, asthma, stroke, AIDS, cancer, and transplantation and those having symptoms or history of infection in the last month were excluded. Whole blood of selected subjects was collected into heparin-treated anticoagulation tubes. Plasma was isolated by centrifuging the whole blood at 1000g for 15 min. Hemolyzed samples were not used. All blood samples used were not subjected to a freeze-thaw cycle at any step in the process. Plasma ATP levels were assessed with an ATP assay bioluminescence detection kit (Beyotime).
Ca
2+ influx measurement Splenocytes from normotensive mice were incubated with the calcium indicator Fluo-4 AM (1 M) at 37°C for 30 min. Unloaded Fluo-4 AM was removed by three washes with PBS. DCs (CD11c + ) and T cells (CD3 + ) were distinguished by surface staining with relevant antibodies for 15 min at 37°C. After surface staining, cells were resuspended in Hank's balanced salt solution (HBSS) buffer containing Ca 2+ and Mg 2+ . Flow cytometry analysis was started immediately after ATP addition and performed for 4 min.
2+ imaging Peritoneal exudate cells were cultured on glass-bottom cell culture dish (NEST) in RPMI 1640 containing 2% FBS. After 2 hours, unattached cells were washed out with PBS, and the attached macrophages were loaded with 2 M Fluo-4 AM in PBS for 30 min at 37°C. Those macrophages were stimulated with 3 or 500 M ATP in HBSS buffer containing Ca 2+ and Mg 2+ . Images were acquired every 75 ms for 30 s (400 pictures per sample) with an Andor spinning disc confocal microscope (Nikon). Fluo-4 AM fluorescence intensity was measured with ImageJ.
YO-PRO-1 uptake and ATP-induced apoptosis
Splenic cells were treated with 3 or 500 M ATP in RPMI 1640/1% bovine serum albumin for 3 hours at 37°C. For the YO-PRO-1 uptake assay, cells were stained with 1 M YO-PRO-1 (Thermo Scientific) and analyzed by flow cytometry. For apoptosis evaluation, cells were stained with 7-AAD and annexin V to distinguish apoptotic cells from viable and necrotic cells.
Statistics
Data from mice are expressed as means ± SEM, and values of P < 0.05 were considered statistically significant. Two-way analysis of variance (ANOVA) with Bonferroni's post-test was used when analyzing changes in data collected over time. Paired one-way ANOVA and two-tailed unpaired Student's t test were used to compare groups. For the human ATP study, categorical variables were presented as numbers and relative frequencies (percentages); continuous variables were presented as either mean ± SD or median with interquartile range according to their distributions, which were checked by using the Kolmogorov-Smirnov and Levene tests. Normally distributed continuous variables were compared using Student's t test or one-way ANOVA. Either Kruskal-Wallis test or Wilcoxon rank sum test was used for the data that were not normally distributed. Differences between groups in categorical variables were analyzed by the  2 test or Fisher's exact test. The LSD test was used for multiple comparisons of measurement variables, and a Bonferroni correction was used for multiple comparisons of categorical variables. A generalized linear model was performed to explore the linear correlation between ATP, SBP, and DBP. All statistical tests were two tailed, and P values of <0.05 were considered significant. OriginPro 2016 was used to plot the distribution of ATP. All statistical analyses were performed by using SAS 9.1 (SAS Institute) and SPSS 19.0 (SPSS Inc., IL, USA).
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